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METABOLICALLY CONSISTENT BREATHING RATES FOR
USE IN DOSE ASSESSMENTS

David W. Layton*

Abstract—Assessments of doses resulting from exposures to
airborne gases and particles are based almost exclusively on
inhalation rates that are inconsistent with the quantities of
oxygen needed to metabolize dietary intakes of fats, carbo-
hydrates, and protein. This inconsistency leads to erroneous
estimates of inhalation exposures and can distort the relative
importance of inhalation and ingestion-based exposures to
environmental contaminants that are present in foods, air, and
water. As a means of dealing with this problem, a new
methodology for estimating breathing rates is presented that
is based on the oxygen uptake associated with energy expend-
jtures and a ventilatory equivalent that relates minute volume

“ to oxygen uptake. Three alternative energy-based approaches

for estimating daily inhalation rates are examined: (1) average
daily intakes of food energy from dietary surveys, adjusted for
under reporting of foods; (2) average daily energy expenditure
calculated from ratios of total daily expenditure to basal
metabolism; and (3) daily energy expenditures determined
from a time-activity survey. Under the first two approaches,
inhalation rates for adult females in different age cohorts
ranged from 9.7 to 11 m® d™’, whereas for adult males the
range was 13 to 17 m® d™". Inhalation rates for adults deter-
mined from activity patterns were higher (i.e., 13 to 18 m®
d™"), however, those rates were shown to be quite sensitive to
the energy expenditures used to represent light and sedentary
activities. In contrast to the above estimates, the ICRP 23

reference values for adult females and males are 21 and 23

m® d~* (Snyder et al. 1975). Finally, the paper provides a
technique for determining the short-term breathing rates of
individuals based on their basal metabolic rate and level of
physical activity.

Health Phys. 64(1):23-36; 1993

- Key words: Inhalation; metabolism; dose assessment; energy

expenditures

INTRODUCTION

A KEY INPUT to assessments of the health risks of
Inhalation exposures to gaseous and particulate con-
taminants in air is the rate at which exposed individuals
breathe air during the period of interest. The inhalation
rate controls the transport of airborne contaminants to
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the respiratory tract and also influences their deposition
onto surfaces of the conducting airways and the pul-
monary region. For some radionuclides internal doses
to organs are due almost solely to inhalation exposures
(é.g., plutonium), and, therefore, it is important to have
accurate estimates of the breathing rates for the popu-
lation cohort(s) of concern. Under or over estimation
of the breathing rates will produce undesirable biases
in estimates of dose and health risk. For example,
erroneously high inhalation rates will result in under-
predictions of the toxic potential of an airborne con-
taminant because the higher the dose of a substance per
unit toxic response, the less potent it becomes. The
reverse is true for low estimates of respiration rates.
Although there have been many respiratory measure-
ments of individuals performing various tasks, no stud-
ies have systematically measured the inhalation rates
that are associated with the diurnal activities of different
population cohorts. -

On the surface this deficiency may seem odd be-
cause breathing rates are such a fundamental physio-

logic parameter. However, to directly measure these

rates among free-living individuals would require that
they wear personal breathing-rate monitors that meter
air flows. Except for specific activities carried out over
relatively short periods of time, this measurement
method would be prohibitively cumbersome and awk-
ward. Moreover, subjects are likely to alter their breath-
ing patterns during the monitoring period, producing
respiration rates that are not necessarily representative
of normal conditions. -

Breathing rates recommended for use in dose as-
sessments today are based primarily on short-term
measurements of ventilation rates for nonrandom sam-
ples of adults who are at rest or who are performing
selected tasks of varying physical intensity (Snyder et
al. 1975; U.S. EPA 1989). An average daily breathing
rate is estimated as a time-weighted-average value of
the ventilation rates for rest periods and the ventilation
rates required to support the physical activities indica-
tive of the population of interest. One drawback to this
method of estimation is that the derived inhalation
rates are not necessarily consistent with the breathing
rates required for the metabolic conversion of the food
nutrients in the diets of the exposed population. Failure

'to characterize the dependent relationship between

breathing and food ingestion in dose asseéssments can
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distort the relative importance of these two routes of
exposure (see Zach and Barnard 1987).

The goal of this paper is to present a method for
determining metabolically consistent inhalation rates
for use in quantitative dose assessments of airborne
radionuclides. Specifically, breathing rates are derived
for various age and sex cohorts that are based on energy
expenditures of the respective cohorts. The paper begins
with a background discussion of some of the guiding
principles for deriving inhalation rates as well as a
review of inhalation rates that have been proposed by
others. Next, the basic methodology used to estimate
inhalation rates is presented, followed by a systematic
examination of each of the relevant input parameters,
including metabolic requirements of individuals, and
the relationship between oxygen uptake and breathing
rate. The use of food-energy intakes, as recorded in
dietary surveys, to estimate energy expenditures is also
evaluated. In the final section of the paper, inhalation
rates are derived for use in assessments of both short
and long-term exposures to atmospheric contaminants.

BACKGROUND

Our breathing is controlled primarily by the
amounts of oxygen consumed in the metabolic conver-
sion of food nutrients (i.e., protein, fat, and carbohy-
drates) to energy. The demand for oxygen and nutrient
intakes, as depicted in Fig. 1, is a function of our energy
expenditures. Important factors influencing both nu-
trient and oxygen consumption, and hence breathing
rates, are age, gender, weight, health status, and activity
patterns (i.e., frequencies and durations of various phys-
ical activities). Consequently, breathing rates used in
dose assessments should reflect the physiologic, demo-
graphic, and lifestyle characteristics of the population
at risk.

Another consideration in the derivation and use of
inhalation rates is the duration of the exposure, as
health-risk assessments of airborne radibactive and
nonradioactive substances deal with potential health

Physical Age- and sex-
specific factors

activities

expenditures
Carbohydrates Carbon dioxide
Protein Waste heat
Fat - Urine and feces
Water Sweat
Oxygen , Metabolic water

Fig. 1. Conceptual framework that defines the principal fac-
tors affecting oxygen and nutrient intakes and waste products.
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effects resulting from both short-term (i.e., acute) and
long-term (i.e., chronic) exposures. In this regard, short-
term inhalation rates should be related directly to the
physiologic attributes of an individual and the nature
of the physical activities expected during an exposure
period. Estimates of chronic exposure to radionuclides
present in both food and air should be based on breath-
ing rates that are coupled to the food-energy intakes of
diets, which are direct measures of energy expenditures
(and associated oxygen requirements) so long as an
individual is not changing weight significantly over the
time frame of interest.

A standard measure of respiration is termed the
minute volume, which is simply the volume of air that
is exhaled in a minute. This volume (denoted here as
Vg) is equal to the product of the number of respiratory
cycles in a minute (f) and the volume of air respired in
each breath (termed the tidal volume, or V7). At rest,
typical adults breathe about 11 to 18 times per minute
and have tidal volumes of about 0.4 to 0.7 L (Orzalesi
et al. 1965; Gilbert et al. 1972). Minute volumes for
adults at rest range between 5 and 8 L min™". In
addition to age and gender-related differences in respi-
ratory parameters, Roy et al. (1991) have shown that
Vrand fvary between some ethnic groups. The respi-
ratory system consists of two major components: air-
ways that transport air into the lungs and return exhaled
respiratory gases (e.g., CO,) and the alveoli where gas
exchange takes place with pulmonary blood. The con-
ducting airways consist of the nasopharyngeal region
(the nasal and oral passages leading to the pharynxyand
the tracheobronchial region, which begins with the
trachea that leads to two bronchi that channel air to
each lung. Those bronchi in turn branch into succes-
sively smaller airways that ultimately connect to the
alveoli. The conducting airways condition the inhaled
air by warming it to body temperature and saturating
it with water vapor. Therefore, volumes of inhaled and
exhaled air will be slightly different. The minute vol-
ume, as noted earlier, is based on exhaled air and is
given at body temperature, ambient pressure, with air
saturated with water vapor (BTPS).

The historic approach for estimating the breathing
rate over a specified period of time is to calculate a
time-weighted-average of ventilation rates associated
with physical activities of varying durations (referred to
here as the time-activity-ventilation approach or simply
TAV). In mathematical form the TAV can be expressed
as

ko
Z VEiti: (1)

where Vj is the time-weighted-average minute volume
(L min™), #; is the duration if the ith activity (min), Vg,
is the corresponding minute volume, k is the number
of activity periods, and T is the total min of the exposure
period (e.g., a day). The authors of ICRP Publication
23 (Snyder et al. 1975) used this activity-based approach
to derive daily breathing rates for reference adult males
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and females as well as children (10 y), infants (1 y), and
newborns. A representative day was assumed to consist
of 480 min of rest and 960 min of light activity, divided
evenly between occupational and nonoccupational ac-
tivities. The minute volumes at rest for the reference
adults were 7.5 and 6 L min™' for males and females,
respectively, while active minute volumes were 20 and
19 L min~'. The resulting daily ventilation rates for the
two genders are 23 and 21 m® d~'. These values have
subsequently been used in many assessments of expo-
sures to airborne contaminants. More recently, Roy
and Courtay (1991) used a similar, but more refined,
TAYV approach to estimate inhalation rates for children
and adults. Their respective estimated inhalation rates
for men and women living sedentary lifestyles are 23
and 18 m*d™".

Time-activity studies indicate that 8 h is a reason-
able estimate of the time adults spend asleep or resting
(Hill 1985; Szalai 1972), but there are only limited data
on the frequencies and durations which various gender/
age cohorts spend at specific physical activities (tradi-
tional time-activity budgets cover categories or types of
activities that are not characterized in terms of energy

_expenditures). And even if such information were avail-

able, literature data on minute volumes may be inappl-
icable because of the use of an inappropriate cohort
and/or activities that are not consistent with the activ-
ities engaged in by the target population in a dose
assessment. There is already some evidence indicating
that the daily breathing volumes calculated using the
TAV approach overestimate actual respiration. Irlweck

‘et al. (1980), for example, showed that the measured

burdens of 2 24°Py in the lungs of deceased Austrians

-could not be predicted using an inhalation rate of 22

m? d~!. Instead, they found that an inhalation rate of
15 m® d~! provided a much better agreement between
the measured and predicted ?** 2*°Pu burdens in lungs.

There are few respiratory measurements on chil-
dren, and hence researchers have developed alternative
techniques for estimating inhalation rates for infants,

“children, and teenagers. James (1988), for example,

calculated the inhalation rate of a child at age ¢ as the
product of the inhalation rate of an adult and a ratio
(R) of the child’s energy expenditure to that of an adult.
The formula for the time-dependent value of R(f)
(Adams 1981) is

R(?) = (M()/70)exp[0.047 (21 = )]  (2)
where

M(t) = body weight of the child, kg; and
t = age of child, y, for t < 21.

_ Eqn 2 is based on the observed decrease in metab-
olism (in kJ kg™' (b.w.) d”') as an individual increases
In age and the assumption that breathing rate is pro-
Portional to oxygen uptake, which in turn is related
directly to energy expenditure. Thus, the value of R(z)
for a 7-y-old child weighing 25 kg is 0.69, and the
estimated breathing rate is 0.69 x 22 m? d™' (i.e., adult

breathing rate) or 15 m® d'. In contrast to this meta-
bolically-based approach, Hofmann et al. (1979) fit
empirical equations to changes in Vr and f with age.
Inhalation rates were then calculated as the product of
the age-specific respiratory parameters, adjusted for
different levels of physical activity: Kleinman (1991)
calculated resting minute volumes as the products of
Vrand f, which in turn were functions of body weight.
Breathing rates for different activity states were com-
puted as multiples of the resting ventilation rate.

METHODOLOGY

As an alternative to the activity-based approach
for estimating breathing rates, it is proposed that inha-
lation rates be calculated from the oxygen consumption
supporting personal energy expenditures for short
(~hours) and long (weeks and months) periods of time.
The basic equation for calculating energy-dependent

inhalation rates is

Ve=E X H X VQ, (3)
where

E = energy expenditure rate, kJ d™';

H = volume of oxygen (at standard temperature and
pressure, dry air; or STPD) consumed in the
production of 1 kJ of energy expended, L |4
and

VQ = the ventilatory equivalent, ratio of the minute
volume (Vg in L min™' at BTPS) to the oxygen
uptake rate (Vo, in L min™' at STPD), unitless.

For short exposures to airborne gases or particu-
lates, ventilation rates will be calculated as a function
of energy expenditures that are multiples of the basal
metabolic rates of defined age/gender cohorts. Venti-
lation rates representative of longer periods of time (i.e.,
weeks and months) can be derived from dietary studies
that include data on food-energy intakes or energy
expenditures expressed as a multiple of an individual’s
basal metabolic rate (BMR). The BMR is the minimum
amount of energy required to support basic cellular
respiration while at rest and not actively digesting food.
In the following sections, data on each of these param-
eters are examined.

Oxygen Uptake Factor, H

The metabolism of fat, protein, and carbohydrates
results in the consumption of oxygen, the formation of
carbon dioxide and water, and the production of energy
necessary to sustain our basal metabolic requirement
as well as the energy requirements associated with tissue
synthesis, physical activities, and thermogenesis (energy
associated with the metabolism of food and storage of
ingested food nutrients; James et al. 1989). Oxidation
of a gram of carbohydrate consumes 0.83 L of oxygen,
while each L of oxygen yields 21 kJ (5.0 kcal) of energy.

*_Fat metabolism requires 2 L O, g™' and produces 19.7

kJ L' O, (4.7 kcal L™! O,), while protein metabolism
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consumes 0.97 L O, g~! and generates 18.9 kJ L' O,
(4.5 kcal L™'O,) (McLean and Tobin 1987). The oxygen
uptake factor, H, is simply the reciprocal of the energy
yield of oxygen consumptlon and equals 0.0476,
10.0508, and 0.0529 L O, kJ™! (0.20, 0.21, and 0.22 L.
O, kcal"‘) for carbohydrates, fat, and protein. Normal
diets contain a mix of these three basic components of
food, and to develop a representative value of H, the
contributions of each of these food components to the
total energy content of typical diets must be quantified.
The 1977-1978 Nationwide Food Consumption Sur-
vey (NFCS) (USDA 1984), a major study of food
intakes among 30,770 individuals from 14,035 ran-
domly sampled households in the U.S., revealed that
fat in the average diet comprised 41% of the daily
caloric intake, protein 16%, and carbohydrates 42%.
Results of another large dietary study (20,322 partici-
pants from the U.S.) known as the second National
Health and Nutrition Examination Survey (NHANES
II) (U.S. DHHS 1983) gave a comparable breakdown,
with the same nutrients contributing 38%, 16%, and
46% of the daily energy 1ntal§es The welghted-average
oxygen uptake factor for both'surveys is 0.05 L O, k™!
(0.21-L O, kcal"), which is equivalent to 20 kJ L' O,
(4.8 kcal L™! O,).

Ventilatory Equivalent, VQ

The ventilatory equivalent (VQ) is defined as the
ratio of minute volume to oxygen uptake. The value of
this ratio varies from individual to individual, reflecting
variations in oxygen uptake efficiency, lung physiology,
metabolic efficiency, etc. Typical values of VQ reported
in the literature range from about 25 to 30 for adults
who are at rest or are performing light to moderate
physical activity. Grodins (1950), in a summary of early
work on measurements of ventilation and oxygen con-
sumption, showed that there is a linear relationship
between Vg and Vo up to an oxygen uptake rate of
approximately 2.5 L/mm The slope of the linear por-
tion of the Vg/ Vo2 curve presented by Grodins was
about 25 (based on 611 separate respiratory measure-
ments on 86 subjects). In another study, McArdle et al.
(1976) measured the Vg and Vo, values for six male
subjects exerc1smg in air and water at different temper-
atures and exercise levels. Below an oxygen uptake of
2.5 L min™' the ratio Vz to Vo, was 25 and above this,
VQ equialed about 30. Measurements of Vz and Vo, in
other studies involving respiratory responses to exercise
have given similar results (e.g., Cunningham 1963;
Wasserman et al. 1967). As a means of evaluating
independently the earlier work, additional respiratory
measurements of Vg and Vo2 reported in the open
literature were located, and the resulting data set’ con-
tained 159 respiratory measurements on 75 adults stud-

ied by five separate sets of researchers (Bachofen et al. |

1973; Grimby et al. 1966; Lambersten et al. 1959; Saltin
and Astrand 1967; Salzano et al. 1984). Most of the

¥ Available upon request from the author.

- requirements which were considerably above those at
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subjects studied by the researchers were male, and many
of the subjects were athletes. As shown in Fig. 2, there
is a linear relationship between Az and Vo2 over a wide
range of oxygen- uptake rates associated with resting
(i.e., VQ2 < 0.3 L min™") conditions as well as with
elevated physical act1v1ty such as running (i.e., Vo2 >2
L min™). The regressmn equation for data pomts is Vg
= 27 V% (r* = 0.96). The gap in the respiratory
measurements in Flg 2 for Vo2 values between 0.4 and
0.9 L O, min™! is due to the experimental protocols
adopted by some of the researchers. Often measure-
ments were made while subjects were at rest and then
at elevated levels of physical activity that had breathing

rest. The geometric mean (GM) of the VQ values is 27
with a geometric standard deviation (GSD) of 1.18 (see
Fig. 3 for a logprobability plot of the data). The VQ
value calculated here is higher than the value of ap-
proximately 25 found in earlier studies, however, it is
important to note that the updated data set spans a
larger range of respiratory rates. In addition, the geo-
metric mean value of VQ is an intermediate value
between the low and high VQ values (i.e., 25 and 30)
reported for different levels of Vo, Respiratory meas-
urements of newborns give similar estimates of VQ.
For example, the geometric mean value of the VQ
values for 44 newborns studied by Stahlman and Meece
(1957) was 28.1, with a GSD of 1.3. In contrast, the
GM value of the Vg/Vo, measurements of 17 newborns
by Cook et al. (1955) was 24.6 with a GSD of 1.23.

In summary, the analyses of Vg and VO2 have
demonstrated that there is a strong linear relationship
between these two variables and that most of the values
of VQ derived from the literature fall within the 68%
confidence interval (i.e., 23 to 32) of the lognormal
distribution for VQ. The existing data base, though,
can be improved by making additional respiratory
measurements using (1) randomly-selected individuals
from the U.S. population to evaluate the significance

1000

T 1T TTIT
T

100 ¢ 2

i L1
o

1 |
0.1 1 10
Oxygen uptake rate (L min™, STPD)

AT

Minute volume (L min™, BTPS)

R

Fig. 2. Plot of 159 measurements of minute volumes and
related oxygen uptake rates for 75 subjects.
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Fig. 3. Logprobability plot of the 159 ventilatory equivalents
(VQ) calculated from the Vr and. Vo, data for 75 subjects.
The geometric mean of the VQ values is 27 with a geometric
standard deviation of 1.18.

\

of age and gender-related differences in VQ and (2)
individuals with abnormal lung function to determine
how their ventilatory equivalents differ from those of
the general population.

Energy Expenditures, E

Our energy expenditures and related oxygen up- '
take and ventilation rates are constantly changing as

we go about our daily routines. Selection of an appro-
priate inhalation rate to characterize respiration de-
pends entirely on the objectives of the dose assessment.
In order to use eqn (3) to estimate the ventilation rates,
the equivalent energy expenditures must be determined
for the exposure periods of interest. Energy expendi-
tures for short-term activities can be estimated by mul-
tiplying an individual’s basal metabolic rate by a factor
that is indicative of a particular activity (commonly

referred to as a metabolic equivalent or MET). The

value of this approach is that the calculated energy
expenditure rate reflects both the intensity of the activ-
ity as well as the physiologic attributes of the individual
that govern the BMR. For longer periods of time, energy
expenditures can be approximated by food-energy in-
takes. Energy expenditures under various conditions
are discussed below.

Energy expenditures for rest and activities. The

metabolic rate of an individual who is lying down or
res’ging is termed the resting metabolic rate (RMR).
Th_ls measure of metabolism includes the energy re-
quired for food digestion, and it is only about 10%
higher than the BMR. Consequently, the two parame-
ters are often used interchangeably (Guthrie 1983).
However, because there is no operational definition of
the “resting” state; the RMR could actually exceed the
BMR by much greater amounts. An individual’s resting

metabolism is affected by such factors as age, gender,
weight, and lean-body mass. Schofield (1985) analyzed
statistically metabolic data for thousands of individuals
and developed regression equations to predict the BMR
of males and females from their age and body weight.
Information on the cohorts and the related regression
equations are shown in Table 1.

As a means of categorizing different energy ex-
penditures as a function of an individual’s BMR, the
MET values for different physical activities are sum-
marized in Table 2. As expected, the lowest multipliers
are for sedentary activities such as sitting at a desk or
watching television. A variety of household activities
require energy expenditures that are between 2 and 4
times an individual’s BMR. At more moderate levels
of activity (for example, recreational activities consist-
ing of volley ball, table tennis, cycling, and swimming),
the multipliers range from 3 to 5. On the basis of these
data, the following categories of activities and corre-
sponding BMR multipliers are proposed for estimating
energy expenditures for physical activities of varying
intensity:

» sedentary: 1.2 X BMR

e light: 1.5 to 2.0 X BMR

e moderate: 3 to 5 X BMR

» heavy: 10 to 20 X BMR
Thus, an adult male with a BMR of 290 kJ h™ (70 kcal
h™') would expend between 870 and 1450 kJ h™' (210
and 350 kcal h™!) engaged in physical activities of
moderate intensity such as floor sweeping, vacuuming,
and recreational swimming. -

Food-energy intakes. Under steady-state condi-
tions in which an individual is neither gaining or losing
body weight, energy expenditures associated with our
basic metabolic requirements and with our physical
activities must equal food-energy intakes. Therefore,
the energy content of a person’s diet can be used to
estimate his or her energy expenditures and related
respiratory requirements over periods of weeks and
months. Table 3 contains the average food-energy in-
takes reported for individuals in different age/gender
cohorts sampled in the 1977-1978 NFCS. The NFCS
surveyed the food intakes of individuals (randomly
sampled from the U.S. population) for three consecu-
tive days, two days of which were derived froma diary
and one day from a 24-h recall to an interviewer. The
nutritional adequacy of the recorded dietary intakes
can be evaluated by comparing the food-energy intakes
to BMR values for each of the cohorts, estimated from
the appropriate BMR equations given in Table 1. The
ratios of daily energy intake (denoted EFD) to the
BMRs ranged from 1.9 for growing infants to 1.1
for females 23 to 65 years old. For adult males (i.e.,
>18 y) the EFD/BMR ratios averaged about 1.3.
In the NHANES II study (this dietary survey only
recorded food intakes for one day) adult males had
slightly higher food-energy intakes relative to their pre-
dicted BMR requirements (i.e., 1.4), but the women
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Table 1. Statistics of the age/gender cohorts used to develop regression equations for predicting basal metabolic

rates (from Schofield 1985)

January 1993, Volume 64, Number 1

Gender/age BMR

Body wt.

o) Miat  xsp SV ke n BMR equation® r
Males
Under 3 1.51 0918 0.6l 6.6 162 0249bw —0.127 095
3to< 10 414 0498  0.12 21 338 0.095bw+2.110  0.83
10to < 18 5.86 1171 020 42 734 0074 bw + 2754 093
18 to < 30 6.87 0843 012 63 2879 0.063bw +2.896 0.65
30 to < 60 6.75 0872 0.3 64 646 0.048bw +3.653 0.6
60 + 5.59 0928  0.17 62 50 0.049 bw + 2.459 0.7
Females
Under 3 1.54 0915  0.59 6.9 137 0244bw —0.130 096
310 < 10 3.85 0493 0.3 21 413 0.085bw +2.033 0.8l
10 to < 18 5.04 0780  0.15 38 575 0.056 bw + 2.808 0.8
18 to < 30 5.33 0721  0.14 53 829 0.062bw +2036 073
30 to < 60 5.62 0630  0.11 61 372 0.034bw +3.538  0.68
60 + 4.85 0605  0.12 56 38 0038 bw + 2.755  0.68

2 Coefficient of variation (SD/mean).
® Body weight (bw) is in kg.

Table 2. BMR multipliers for physical activities of light to
heavy intensity.(from Durnin and Passmore 1967; Saltin and
Astrand 1967) '

.. BMR

Activity level multiplier
Sedentary 1.2
Light
Knitting/sewing 1.3
Standing 1.5
Floor sweeping 1.8
Preparing vegetables 1.8
Office work 1.8
Moderate o
Carpet sweeping 2.7
Cooking 2.7
Preparing a meal 2.7
Dish washing 2.7
Volley ball 3.0
Table tennis 3.0
Light industry 3.1
Walking 3.5
Bed making 3.8
Vacuuming 3.8
Cycling 5.3
Swimming 5.3
Dancing 5.3
Heavy
Various sports events 10 to 22
Heavy industrial work 10

older than 45 y had energy intakes that were essentially
equal to their estimated BMRs! A more recent study
that focused specifically on adult women in the U.S.
was the Continuing Survey of Food Intakes by Individ-
uals (CSFII) (USDA 1987). This survey sampled 1088

women in the 19 to 50 y age bracket. Food intakes -

were determined for four nonconsecutive days. The
average energy intake for women aged 19 to 34 y was
6.66 MJ d~! (1590 kcal d~!), decreasing to 6.11 MJ d™
(1458 kcal d™') for women aged 35 to 50 y. Average

body weights for the two age groups were 62 and 66 kg, &
and their estimated BMRs were 5.95 and 5.78 MJ d™' &
(1420 and 1380 kcal d™'). The associated EFD/BMR
ratios are 1.1 and 1.06.

The low ratios of food-energy intakes to estimated §
basal metabolic rates of the women sampled in the §
above surveys indicates that there is a consistent bias
or under-reporting of the foods consumed. Similar bias
probably occurs for the males surveyed as well. Part of
the bias may be due to the methods used to ascertain
dietary intakes as well as the shortness of surveys, which
may not truly capture regular food-intakes over ex-
tended periods (NRC 1986). Acheson et al. (1980)
conducted a study in which 12 individuals at an Ant-
arctic research station recorded and weighed all foods
eaten over several weeks and once a week filled out a
dietary questionnaire to record (recall) the food con-
sumed during the previous 24 h. The caloric content of
the meals was derived by multiplying food weights
(estimated from recall or measured) by their caloric
content obtained from food-composition tables. The
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geometric-mean ratio of the caloric intakes of weighed /
foods to the caloric contents of reported foods (24-h tweer
recall) was 1.24 (GSD = 1.13). In a study of obese from
males, Sopko et al. (1984) found that the caloric intakes water
based on the dietary records of individuals in four water
weight groups were consistently lower than the intakes the d:
derived from indirect measurements of the foods con- hydrc
sumed (GM ratio of measured/recorded intakes for the used -
four groups was 1.18). exper

Total energy expenditures. The relationships be- gcstaf}
tween energy intakes, expenditures, and BMR can be of 14
evaluated further by comparing EFD/BMR ratios for restin
men and women participating in other dietary studies. 1.2 tc
For example, in a year-long dietary study conducted by that 1
Basiotis et al. (1989), the average EFD/BMR ratio for cond
the 16 female participants (aged 20 to 53 y) was 1.38 males

(+0.24), whereas the mean EFD/BMR ratio for the 13
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Table 3. Comparisons of estimated basal metabolic rates with average food-energy intakes for individuals

sampled in the 1977-1978 NFCS (USDA 1984)

Cohort/age Body wt. BMR? Energy intake (EFD) Ratio
) ke MJ d-! keal d! MJ d-! keal d™! EFD/BMR

Children
Under 1 7.6 1.74 416 3.32 793 1.90
1to2 13 3.08 734 5.07 1209 1.65
3t05 18 3.69 881 6.14 1466 1.66
6to 8 26 4.41 1053 7.43 1774 1.68
Males
9to 11 36 5.42 1293 8.55 2040 1.58
12to 14 50 6.45 1540 9.54 2276 1.48
15t0 18 66 7.64 1823 10.8 2568 1.41
19t0 22 74 7.56 1804 10.0 2395 1.33
231034 79 7.87 1879 10.1 2418 1.29
35t0 50 82 7.59 1811 9.51 2270 1.25
5110 64 80 7.49 1788 9.04 2158 1.21
651074 76 . 6.18 1476 8.02 1913 = 1.30
75 + 71 5.94 1417 7.82 . 1866 1.32
Females
9to 11 36 491 1173 7.75 1849 1.58
12to 14 49 5.64 1347 7.72 1842 1.37
15t0 18 56 6.03 1440 7.32 1748 1.21
19 t0 22 59 5.69 1359 6.71 1601 1.18
231034 62 5.88 1403 6.72 1603 1.14
35t050 | 66 5.78 1380 6.34 1514 1.10
51t064 \ 67 5.82 1388 6.40 1528 1.10
65t074 66 5.26 1256 5.99 1430 1.14
75 + 62 5.11 1220 5.94 1417 1.16

2 Calculated from the appropriate age and gender-based BMR equations given in Table 1.

men (aged 22 to 49 y) was 1.59 (£0.33). James et al.
(1989) summarized the results of five studies that ex-
amined the food-energy intakes of people over 60 y old.
The average ratios of food-energy intakes to estimated
basal metabolic rates for women in three studies re-
viewed were 1.25, 1.49, and 1.57, while for men the
averages were 1.5 (average of two samples reported in
one study), 1.38, 1.62, and 1.58. Griffiths and Payne
(1976) reported that the average food-energy intake for
a group of 12 children aged 4 to 5 y was 6.00 MJ d™*
(1433 kcal d™"). The average BMR of the group (based
on an average body weight of 19 kg) is 3.78 MJ d™',
and therefore the estimated EFD/BMR is 1.58.
Additional information on the relationship be-
tween energy expenditure and basal metabolism comes
from metabolic studies conducted using doubly-labeled
water. In this experimental approach, doubly-labeled
water (i.e., 2H,'%0) is administered to an individual and
the differences in the turnover rates of the oxygen and
hydrogen isotopes in body water (assayed in urine) are
used to estimate carbon dioxide production and energy
expenditure (see Schoeller and van Santen 1982). Pren-
tice et al. (1985) used this technique to measure the
metabolism of 12 women aged 23 to 40 y over periods
of 14 to 21 d. The average ratio of total metabolism to
resting metabolism was 1.38 (20.16), with a range of
1.2 t0 1.8. This result is comparable to the value of 1.36
that was calculated for the females in the dietary study
conducted by Basiotis et al. (1989). In a study of six
males aged 20 to 32 y who were engaged in light

agricultural activities, Riumallo et al. (1989) found that
the doubly-labeled water approach gave estimiates of
energy expenditure that were in good agreement with
food-energy intakes. The average ratio of energy ex-
penditure to BMR (estimated from the body weights
given) for the group was 1.78 (£0.12). Roberts et al.
(1988) used the doubly-labeled water technique to mea-
sure the energy expenditures of infants aged 3 mo who
were born to lean, normal, and overweight mothers.
The ratio of daily energy expenditure (excluding food
energy deposited as tissue) to BMR is calculated to be
1.4 for six infants (weighing an average of 5.77 kg) born

to mothers of normal weight.

Energy expenditures for active and inactive hours.
The ratio of EFD/BMR has been used routinely to
evaluate the adequacy of food-energy intakes, however,
one limitation of this ratio is that it provides limited
information on the intensity of physical activity during
active hours. The magnitude of the EFD/BMR ratio
based on energy expenditures for active and inactive

hours can be estimated from the following expression:

A4 =[(24 — SF + 5]/24, (4)

where A is equal to EFD/BMR, S is the number of
hours spent sleeping each day, and F is the ratio of the
rate of energy expenditure during active hours to the
estimated BMR. The value of F can be computed as

F = (244 - 5)/(24 - S). %)
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A person who leads a sedentary lifestyle during 16
waking hours with F = 1.25 (and S = 8 h) is calculated
to have an EFD/BMR ratio of 1.17. If F increases to
1.5, the ratio becomes 1.33. With 4 equal to 1.35 for
women and S = 8, the value of F is 1.52, which is
indicative of sedentary and light physical activities dur-
ing active hours. With 4 equal to 1.55 for men, F equals
1.82, which reflects light physical activities. These val-
ues are not unreasonable given differences in the oc-
cupational status of men and women (percents em-
ployed of each gender), the kinds of labor-intensive jobs
representative of men and women, leisure hours dom-
inated by television viewing, and the increasingly sed-
entary lifestyles that are characteristic of service-ori-
ented economies (Molitor 1990). ‘,

INHALATION RATES FOR VARIOUS AGE
AND GENDER COHORTS

The energy expenditures for specific physical activ-
ities and for the collective activities that describe our
normal lifestyles represent the basic inputs to the meth-
odology for determining ventilation rates of the lungs.
Key determinants of these energy expenditures-are the
age and gender of the individuals that inhale air con-
taminants released to indoor/outdoor air from contin-
uous (chronic) or transient sources. The subsections
below present estimates of inhalation rates for short
and long-term inhalation exposures.

Inhalation Rates for Short Term Inhalation Exposures

The quantification of an appropriate inhalation
rate for a short-term exposure to an airborne contami-
nant is problematic because there is obviously a contin-
wum of physical activities that characterize the behavior
of an individual or population group over periods last-
ing just minutes or hours. To facilitate analyses of the
inhalation rates associated with various combinations
of physical activities, Table 4 provides estimates of Ve
for six age/gender cohorts and four energy-expenditure
categories (defined by the sets of MET values discussed
earlier). The inhalation rates calculated for adults at
rest (i.e., 7.0 to 7.2 and 5.4 to 5.5 L min™' for males
and females, respectively) are comparable to the values
presented in Roy and Courtay (1991) (i.e., 7.5 and 5.4
L min~!). It should be pointed out, however, that
inhalation estimates based on basal metabolic rates will
generally be lower than inhalation rates determined
while individuals are at rest during waking hours. For
example, the mean ventilation rate of six females be-
tween 18 to 30 years of age and weighing an average of
52 kg i a study by Gilbert et al. (1972) was 6.5 L
min~!, derived from measurements made after one
hour of quiet breathing in bed. In contrast, our BMR-

based estimate for the breathing rate of these individ- .

uals, which does not include thermogenesis, is 4.9 L
min~!, or 25% lower.

The inhalation rates calculated for differing levels
of physical activity (see Table 4) are similar to the

~ food-energy intakes that are adjusted upward to com-
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minute volumes presented in a summary of inhalation
rates presented by the U.S. EPA (1989). In the U.S.
EPA analysis, which grouped minute volumes accord-
ing to the results of a literature survey of measured
values, the average minute volumes for light, moderate,
and heavy activities for adult males were: 14, 41, and
80 L min~’, and for adult females the values were 8,
26, and 48 L min~". For comparison, our values for the
same categories are 15, 30, and 74 L min™' for adult
males and 12, 24, and 59 L min™' for females. The
MET values defined for each activity category (see
Table 4) can be used to define lower and upper limits
of the associated inhalation rates. If more refined esti- ¢
mates of short term inhalation rates are required, the
BMR of a specific individual can be calculated from
the applicable equation in Table 1 and adjusted accord-
ing to the METs for the various activity categories. Eqn
3 can then be used to compute the ventilation rate.

Inhalation Rates for Chronic Inhalation Exposures
Under steady-state conditions, food-energy intakes
equal energy expenditures and the inhalation rate is a
direct function of the associated uptake of oxygen to
metabolize dietary fats, carbohydrates, and protein. But
as discussed earlier, large dietary surveys of the U.S.
population, such as the NFCS, apparently underesti-
mate food-energy intakes due to biases that are intro- &
duced as individuals record or recall the quantities of §
foods and beverages consumed. Three alternative ap-
proaches are therefore proposed for estimating chronic
inhalation rates for different age/gender cohorts of the
U.S. population: (1) breathing rates based on NFCS

pensate for reporting biases; (2) breathing rates deter- §
mined from energy expenditures that are multiples of
the average BMR of various age/gender cohorts; and §
(3) breathing rates computed for energy expenditures §
estimated for the times spent at different levels of &
physical activity.

Table 5 presents estimates of the inhalation rates
for each of the age/gender cohorts addressed in the
1977-78 NFCS. These estimates were obtained by mul- §
tiplying all of the energy intakes for individuals age 9y §
and older in Table 3 by a constant factor of 1.2 to g
compensate for the apparent bias in the NFCS. This B
factor is the average of the two bias factors determined
from the studies of Acheson et al. (1980) and Sopko et §
al. (1984). Food-energy intakes for children under 9y §
were not adjusted because they -are comparable to in- |
takes determined in other studies (e.g., Wait et al. 1969; [
Griffiths and Payne 1976; Magarey and Boulton 1987). B
Fig. 4 shows how the inhalation rates vary with age and
gender. Daily inhalation peaks at age 15t0 18 y (17Tm’ :
d™") for males, and for females the peak isat9to 11
(13 m® d™"). Lifetime-average inhalation rates in Table :
5 (i.e., 14 m® d! for men and 10 m* d™' for women) |
were determined as a time-weighted-average value, us
ing the number of years (L) represented by each age
cohort. Fig. 5 shows the daily inhalation rates expressed:
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Table 4. Short-term (i.e., minutes to hours) ventilation rates estimated for six age groups, subdivided by gender.
Inhalation rates are calculated from energy expenditure rates for five activity categories ranging from rest to

heavy work or exercise

Activity type
Rest Sedentary Light Moderate Heavy
MET (BMR multiph )
Gender and Weight BMR“l 1 1.2 ( meu iplier) 4¢ 104
Age (y) kg* MJd~ Inhalation rate’ (L min™")
Male
05t0<3 14 3.40 32 3.8 6.4 13 32
3to< 10 23 4.30 4.0 4.8 8.1 16 40
10to< 18 53 6.70 6.3 1.5 13 25 63
18 to < 30 76 7.70 7.2 8.7 14 29 72
30 to < 60 80 7.50 7.0 8.4 14 28 70
60 + 75 6.10 5.7 6.9 11 23 57
Female
05t0<3 11 2.60 24 2.9 4.9 10 24
3to< 10 23 4.00 3.8 4.5 1.5 - 15 38
10to< 18 50 5.70 5.3 6.4 11 21 53
18 to < 30 62 5.90 5.5 6.6 .11 22 55
30 to < 60 68 5.80 5.4 6.5 11 22 54
60 + 67 5.30 5.0 6.0 9.9 20 50
* The BMRs for the age/gender cohorts are calculated using the respective body weights and the BMR equations given in
Table 1. '
®Range of 1.5 to 2.5-,\
‘Rangeof 3to5. ™

¢ Range of > 5 to 20.

® Body weights are based on the average weights for age/gender cohorts of the U.S. population given in Najjar and Rowland

(1987).

The inhalation rate is calculated by multiplying the BMR by the product H X VQ X (d 1440 min™).

on a body-weight basis. Declines in the inhalation rate
reflect decreases in metabolism with age as well as
changes in lifestyle.

Inhalation rates are also calculated for inactive (i.e.,

sleep) and active hours (both in L min™'). Breathing

rates for inactive hours were determined from the esti-
mated BMR given in Table 3, while the breathing rate
for active hours was computed simply by multiplying
the inactive rate by the parameter F (from eqn 5). The
hours of sleep for youth under 18 y are estimated from
this relationship: = 11.2 — 0.18 age () (R? = 0.92),
which is a linear regression between sleep time (hours)
and age (years) for children participating in a time-
activity survey summarized by Timmer et al. (1985).
In the second method for determining inhalation
rates, an average daily energy expenditure rate for an
age/gender cohort is calculated by multiplying the
BMR of the population cohort by the parameter A,
which is the ratio of total daily energy expenditure to
daily BMR. The inhalation rate is calculated as Vy =
(BMR x 4 x H x VQ)/1000, where Vg is in m® d™".
The parameters used to calculate the breathing rates
are summarized in Table 6. The mean of the male and
female EFD/BMR ratios from the year-long dietary
Study of Basiotis et al. (1989) are used to represent the
4 values for adult males and females over 18 y. A mean
4 value of 1.6 was used to represent the relationship
between the BMR and energy expenditures for males
and females under 10 y. This BMR multiplier yields

. Energy expenditures that are comparable to the energy

intakes measured by Magarey and Boulton (1987) and
Wait et al. (1969). The averages of the EFD/BMR ratios

- given in Table 3 (adjusted by the factor 1.2 to account

for food-reporting bias) for the 12 to 14 y and 15 to
18 y age brackets were used to calculate the 4 values
for males and females aged 10 to <18 y. The mean
inhalation rates predicted for the cohorts are com-
parable to the values presented in Table 5. Inhalation
rates for adult females (>18 y) in Table 6, for example,
range between 9.9 and 11 m? d™!, and in Table 5 they
range between 9.6 and 11 m?® d~'. The lifetime-average
inhalation rates for males and females, based on the

~ age spans of the respective- cohorts, are 14 and 10 m?

d.

The third approach for estimating inhalation rates
is based on a factorial method in which the estimated
energy expenditures associated with the different levels
of physical activity engaged in over the course of an
“average” day are converted to equivalent inhalation
rates according to eqn (3). In contrast, the factorial
approach used in ICRP 23 (Snyder et al. 1975) and
Roy and Courtay (1991) determines the inhalation rates
for different activities as the product of a ventilation
rate that is assumed to correspond with the inhalation
requirement (not energy) of the activity and the activi-
ty’s duration. In order to use an energy-based factorial
method to calculate inhalation rates, it is very impor-
tant to have data on the times spent at physical activities
that are classified or grouped according ‘to level of
energy expenditure. One study that meets this reporting
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Table 5. Daily inhalation rates estimated from the food-energy
intakes for cohorts sampled in the 1977-1978 NFCS and
estimated inhalation rates for active and inactive periods

Inhalation
Daily® MET rates®
Cohort/age inhalation Sleep value Active
) L m*d h A F Inactive L min™

Children
Under 1 1 4.5 11 1.9 27 1.6 43
Ito2 2 6.8 11 1.6 2.2 29 6.4
3t05 3 8.3 10 1.7 22 3.5 7.7
6108 3 10 10 L7 22 4.1 9.0
Males
9to Il 3 14 9 19 25 5.1 13
12 to 14 3 15 9 18 22 6.1 13
15t0 18 4 17 8 17 21 7.2 15
19t0 22 4 16 8 16 19 171 13
23t0 34 S 11 16 8 1518 74 13
351050 16 15 8 1518 7.1 12
51 to 64 14 15 8 14 L7 7.0 12
6510 74 10 13 8 16 18 58 10
75 + 1 13 8 16 19 56 11
Lifetime ave. 14
Females N
91011 313 9% 19 2.5 46 12
12 to 14 3 12 9 16 20 53 11
15t0 18 4 12 8 15 17 57 9.7
19 t0 22 4 11 8 14 16 53 8.5
231034 11 11 .8 14 16 5.5 8.8
35to0 50 16 10 8 13 15 54 8.1
51to 64 14 10 8§ 13 15 55 8.2
6510 74 10 9.7 8§ 14 15 49 7.4
75+ 1 9.6 8 14 16 4.8 7.7

Lifetime ave. 0

2 The daily inhalation rate is calculated by multiplying the EFD values
in Table 3 by H x VQ X (m® 1000 L) for those under 9 y and by
1.2 x H X VQ X (m® 1000 L") for those 9 y and older.

b The inhalation rate for inactive periods is calculated as BMR x H
X VQ X (d 1440 min™) and for active periods it is computed by
multiplying the inactive inhalation rate by F. Values of EFD and
BMR are from Table 3.

¢1 is the number of years for each cohort. The lifetime averages were
computed by multiplying the individual inhalation rates by the
respective L values, summing the products across cohorts, and divid-
ing the result by 75, the total of the cohort age spans. ’

requirement has been completed by Sallis et al. (1985).
In their study, time-activity data were obtained in 1120
women and 1006 men (aged 20 to 74 y) selected ran-
domly from four communities in California. The five
physical-activity categories and associated MET values
used in the study were sleep, MET = 1; light activity,
MET = 1.5; moderate activity, MET = 4; hard activity,
MET = 6; and very hard activity, MET = 10. Table 7
presents the durations of the various activities for the
eight age/gender cohorts, along with our estimates of
the BMRs calculated from body weights in Najjar and

Rowland (1987), daily energy expenditures (E), and .

breathing rates.

Sallis et al. (1985) reported that the average energy
expenditures for males and females were 13.3 MJ d!
(+3.74) and 9.57 MJ d™' (+2.21), respectively. The
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Fig. 4. Inhalation rates for males and females based on food-
energy intakes adjusted for reporting bias in the National
Food Consumption Survey. Plotted values are for midpoint
ages of the age cohorts given in Table 5 (males B, females A).
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Fig. 5. Inhalation rates for males and females expressed on 2 §
body-weight basis. Plotted-values are calculated from the daily
inhalation rates given in Table 5 and body weights given in
Table 3 (males B, females A).
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associated inhalation rates are 18 and 13 m*® d™' (cal
culated from eqn 3). They used a constant resting
metabolic rate of 4.19 kJ kg™! d™' (1 kcal kg™ d™) §
together with the body weights of the respondents t0 |
estimate energy expenditures, whereas the estimates §
used in this paper are based on age and gender-specific §
BMR values computed from body weights obtained [
from a random sample of individuals from the U.5 §
The inhalation rates for females presented in Table 7 §
are slightly higher than the ones determined using the §
previous two methods. However, the estimated inhala- f
tion rates are particularly sensitive to the MET valu¢
chosen to represent the energy expenditures for ligh
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Table 6. Parameter distributions used to estimate inhalation
rates as a function of age and gender-specific BMRs and ratios
of total energy expenditure to BMR (i.e., the parameter A)

Body

Gender/age . .7, BMR? ¢ ad H Ve
) Wel‘fght Mmidat YO AT o, Mt m?d
Male
05to<3 14 34 27 1.6 0.05 7.3
3to< 10 23 4.3 27 1.6 0.05 9.3
10to< 18 53 6.7 27 1.7 0.05 15
18to< 30 76 1.7 27 1.59 0.05 17
30to < 60 80 7.5 27 1.59 0.05 16
60+ 75. 6.1 27 1.59 0.05 13
Female
0.5to<3 11 2.6 27 1.6 0.05 5.6
3to< 10 23 4.0 27 1.6 0.05 8.6
10to< 18 50 5.7 27 1.5 0.05 12
18to < 30 62 5.9 27 1.38 0.05 11
30to < 60 68 5.8 27 1.38 0.05 11
60+ 67 5.3 27 1.38 0.05 9.9

*Body weights are based on the average weights for age/gender
cohorts of the U.S. population given in Najjar and Rowland (1987).
bThe BMRs for the age/gender cohorts are calculated using the
respective body weights and the BMR equations listed in Table 1.

° The geometric mean of the ventilatory equivalent is 27. See Fig. 3.
9 The values of the BMR mult'{plier for those over 18 y are derived
from the Basiotis et al. (1989) study. Multipliers for other age groups

-were selected so that the predicted energy expenditures are consistent

with the results of other studies (see text).

activities, the category with the largest block of time.
Sallis et al. (1985) selected an MET of 1.5 to represent
light activities “. . . because most of the activities in this
category required very low levels of expenditure.” Un-
fortunately, their survey design only solicited informa-
tion on the times spent at sleep and moderate, heavy,
and very heavy activities. The time spent at light activ-
ities was estimated by subtracting the total time of the
other four activities from 24 h. No data were obtained
on the types and durations of light activities, including

_sedentary behavior. This approach was taken because

the objective of the study was to provide information
that could be used to explore the relationship between
exercise and health. If the representative MET for light
activities is reduced only 5% to reflect nap times and
sedentary activities such as television viewing, driving,
etc., then the estimated inhalation rates for women
aged 50-64 y drops nearly 0.6 m*® d™' and with a 10%
MET reduction, it drops about 0.8 m?® d~', and the
daily inhalation rate becomes 12 m>® d™".

Although each of the three energy-based methods
for estimating inhalation rates offer improved estimates
of inhalation rates, there are residual uncertainties that
need to be addressed. Inhalation estimates based on
food-energy intakes, for example, were derived in part
from an adjustment made to account for reporting bias
in the NFCS. More work is needed to quantify age and

Table 7. Inhalation rates based on the times spent at different physical activities and associated energy
expenditures. The hours spent at activities are from Sallis et al. (1985). BMRs are calculated from the metabolic™
equations in Table 1 and the body weights are from Najjar and Rowland (1987)

Age () and Males Females
e (y) an - : -
icgvity MET weight BMR  Duration E Vg weight BMR Duration E Ve
kg kI h! hd! MId!' mid! kg kI h™! hd™! MId' mid
20-34
Sleep 1 76 320 7.2 2.3 3.1 62 283 7.2 2.0 2.8
Light 1.5 76 320 14.5 7.0 9.4 62 283 14.5 6.2 8.3
Moderate 4 76 320 1.2 1.5 2.1 62 283 1.2 1.4 1.8
Hard 6 76 320 0.64 1.2 1.7 62 283 0.64 1.1 1.5
Very hard 10 76 320 0.23 0.74 1.0 62 283 0.23 0.65 0.88
Totals 24 13 17 24 11 15
35-49 -
Sleep 1. 81 314 7.1 2.2 3.0 67 242 7.1 1.7 2.3
Light 1.5 81 314 14.6 6.9 9.3 67 242 14.6 5.3 7.2
Moderate 4 81 314 1.4 1.8 2.4 67 242 1.4 1.4 1.8
Hard 6 81 314 0.59 1.1 1.5 67 242 0.59 0.9 1.2
Very hard 10 81 314 0.29 0.91 1.2 67 242 0.29 0.70 0.95
Totals 24 13 17 24 9.9 13
50-64
Sleep 1 80 312 7.3 2.3 3.1 68 244 7.3 1.8 2.4
Light 1.5 80 312 14.9 7.0 9.4 68 244 14.9 5.4 7.4
Moderate 4 80 312 1.1 1.4 1.9 68 244 1.1 1.1 1.4
Hard 6 80 312 0.50 0.94 1.3 68 244 0.5 0.7 1.0
Very hard 10 80 312 0.14 0.44 0.6 - 68 244 0.14 0.34 0.46
Totals : 24 12 16 24 9.4 13
65-74
Sleep 1 75 256 7.3 1.9 2.5 67 221 7.3 1.6 2.2
Light 1.5 75 256 14.9 5.7 7.7 67 221 14.9 4.9 6.7
Moderate 4 75 256 1.1 1.1 1.5 67 221 1.1 1.0 1.3
Hard 6 75 256 0.5 0.8 1.0 67 221 0.5 0.7 0.9
Very hard 10 75 256 0.14 0.36 0.48 67 221 0.14 0.31 042
Totals 24 9.8 13 24 8.5 11
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gender-specific biases in such dietary surveys. In addi-
tion, the calculation of average inhalation rates during
active hours does not address the elevated breathing
associated with various physical activities. Non-invasive
monitoring of the respiration of randomly-selected in-
dividuals would provide useful information on breath-
ing patterns during daily activities. The second ap-
proach offers some potential for yielding accurate, met-
abolically-consistent estimates of inhalation, provided

that additional studies are completed with various age -

and gender cohorts using the doubly-labeled water tech-
nique for measuring metabolism. Despite the method-
ological differences between the first two approaches,
they do yield comparable estimates of inhalation. The
activity-based method suffers from problems associated
with the recall of physical activities and the subsequent
assignment of an appropriate MET value. This suggests
that it might be better to use activity-based methods in
conjunction with personal monitors that record pulse
rate, which in turn can be related to oxygen uptake and
respiration (see Griffiths and Payne 1976).

Inhalation rates used in dose assessments must be
consistent with the energy expenditures of the target
individuals/populations, and the most widely available
estimates of energy expenditures in various countries
are the food-energy intakes recorded in dietary studies.
Moreover, such studies also provide the data for deter-
mining intakes of food items (e.g., leafy vegetables,
milk, etc.) used in dose assessments. Although the
inhalation methodology based on food-energy intakes
is probably the most preferable approach from an as-
sessment standpoint, it will still be necessary to make
adjustments in the intakes of foods, beverages, and air
to compensate for any biases associated with the partic-
ular dietary survey utilized. Another limitation in the
use of dietary surveys for determining inhalation rates
is that they only reflect the diet of a population for a
particular time period, and thus such surveys may not
be very useful in predicting future inhalation rates.

CONCLUSION

Many assessments of inhalation exposures to gases
and particles over the past 15 years have relied on
estimates of inhalation rates presented by Snyder et al.
(1975) in ICRP Publication No. 23. The inhalation
rates in that publication and in a newer analysis by Roy
and Courtay (1991) are determined from ventilation
rates for periods of rest and various physical activities.
Unfortunately, breathing rates calculated in this man-
ner are decoupled from the food-energy intakes needed
to sustain the assumed activity levels. For example, an
inhalation rate for adult males of 23 m*® d' is equivalent
to a caloric expenditure of about 17 MJ d~' (4080 kcal
d™"), while an inhalation rate for women of 18 m* d™'
equals a caloric expenditure of nearly 13 MJ d™' (3110
kcal d™!). The equivalent caloric expenditure for men
exceeds our adjusted caloric intakes/expenditures for
adult males by a.factor of about 1.4, and the value for
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women exceeds our estimate by a factor of 1.6. The
principal source of the discrepancy between the energy-
based approach presented in this paper and the TAV
method is the estimation of inhalation during periods
of “light” activity. For example, Roy and Courtay
(1991) used a ventilation rate of 16 L min~' for women
conducting housework and 5.4 L min™" during periods
of rest. The ratio of the two inhalation rates is equiva-
lent to a MET of about 3. This level of physical activity
is not consistent with the sedentary nature of current
U.S. lifestyles. In contrast, the average F or MET value
in Table 5 is 1.5, which is the same value adopted by
Sallis et al. (1985) to represent light activities. Because
light activities represent about 60% of a days’ physical
activities, inaccuracies in the estimated breathing rate
during this time have a major effect on predicted in-
halation rates. ‘

The principal ramification of using TAV-based
inhalation rates in a dose assessment is the possible
distortion of the inhalation route of exposure relative
to ingestion—especially for radionuclides that occur in
both food and air. In contrast to the activity-based
approach for determining breathing rates, the ap-
proaches evaluated in this paper yield inhalation rates
that are consistent with measured food-energy intakes
and/or energy expenditures necessary to sustain reason-
ably energetic lifestyles. In addition, the methods pre-
sented to estimate inhalation rates can be used with
other dietary studies to derive metabolically-consistent
inhalation rates for dose assessments. Finally, a tech-
nique was developed for estimating the short-term in-
halation rates based on the basal metabolic rate of an
individual and the intensity of his or her physical
activity.

Acknowledgements—This work was performed under the auspices of
the U.S. Department of Energy by the Lawrence Livermore National
Laboratory under Contract W-7405-Eng-48. Background research
was completed in part while the author was on a teaching and research
leave at the School of Public Health, University of Massachusetts at
Amberst, MA. Initial funding was provided by the Chemical Manu-
facturers Association through Versar Inc., Springfield, VA. Additional
funding was from the Office of Technology Development, U.S.
Department of Energy.

REFERENCES

Acheson, K. J.; Campbell, I. T.; Edholm, O. G.; Miller, D.
S.; Stock, M. J. The measurement of food and energy
intake in man—an evaluation of some techniques. Am. J.
Clin. Nutr. 33:1147-1154; 1980.

Adams, N. Dependence on age at intake of committed dose

equivalents from radionuclides. Phys. Med. Biol. 26:1019-, £

1034; 1981.

Bachofen, H.; Hobi, H. J.; Scherrer, M. Alveolar-arterial Nz_ '
gradients at rest and during exercise in healthy men of J

different ages. J. Appl. Physiol. 34:137-142; 1973.

Basiotis, P. P.; Thomas, R. G.; Kelsay, J. L.; Mertz, Wk
Sources of variation in energy intake by men and women g

as determined from one year’s daily dietary records. Am
J. Clin. Nutr. 50:448-453; 1989.

ath
Grodi:
bre
Guthr
V..
Hill, M
P.,
Sur
Uni
Hofms
the
clid
197
Irlweck
lung
James,
V.,
New
James,
elde,

Molitor,

and :
Healt

Najjar, 1

and |
Hyatt



The
ergy-
TAV
riods
urtay
ymen
riods
uiva-
tivity
irrent
value
2d by
cause
ysical
2 rate
«d in-

based
ssible
lative
surin
based
3 ap-
rates
itakes
ason-
s pre-
with
istent
tech-
m in-
of an
ysical

sices of
‘ational
gsearch
gsearch
isetts at
Manu-
iitional
t, U.S.

ler, D.
energy
Am. J.

d dose
11019~

rial Nz
nen of

tz, W.
vomefn
s. Am.

Cook, C. D.; Cherry, R. B.; O'Brien, D.; Karlber, P.; Smith,
C. A. Studies of respiratory physiology in the newborn
infant, 1. Observations on normal and premature and full-
term infants, J. Clin. Invest. 34:975-982; 1955.

Cunningham, D. J. C. Some quantitative aspects of the reg-
ulation of human respiration in exercise. Br. Med. Bull.
19:25-30; 1963.

Durnin, J. V. G. A,; Passmore, R. Energy, work and leisure.
London: Heinemann Educational Books Ltd.; 1967.

Gilbert, R.; Auchincloss, J. H. Jr.; Brodsky, J.; Boden W.
Changes in tidal volume, frequency, and ventilation in-
duced by their measurement. J. Appl. Physiol. 33:252—
254; 1972,

Griffiths, M.; Payne, P. R. Energy expenditure in small chil-
dren of obese and nonobese parents. Nature 260:698-700;
1976.

Grimby, G.; Nilsson, N. J.; Saltin, B. Cardiac output during
submaximal and maximal exercise in active middle-aged
athletes, J. Appl. Physiol. 21:1150-1156; 1966. '

Grodins, F. S. Analysis of factors concerned in regulation of
breathing in exercise. Physiol. Rev. 30:220-239; 1950.

Guthrie, H. A. Introductory nutrition. St. Louis, MO: The C.
V. Mosby Co.; 1983.

Hill, M. S. Patterns of time use. In: Juster, F. T.; Stafford, F.
P., eds. Time, goods, and well-being. Ann Arbor, MI:
Survey Research Center, Institute for Social Research,
University of Michigan; 1985:135-166.

Hofmann, W.; Steinhausler, F.; Pohl, E. Dose calculations for
the respiratory tract from inhaled natural radioactive nu-
clides as a function of age—I. Health Phys. 37:517-532:
1979.

Irtweck, K.; Friedmann, C.; Schonfeld, T. Plutonium in the
lungs of Austrian residents. Health Phys. 39:95-99; 1980.

James, A. C. Lung dosimetry. In: Nazaroff, W. W.; Nero, A.
V., Jr., eds. Radon and its decay products in indoor air.
New York: Wiley & Sons; 1988: 259-309

James, W. P. T.; Ralph, A.; Ferro-Luzzi, A. Energy needs of
elderly, a new approach. In: Munro, H. N.; Danford, D.
E. eds., Nutrition, aging, and the elderly. New York:
Plenum Press; 1989:129-151.

Kleinman, M. T. Effects of ozone on pulmonary function:
the relationship of response to dose. J. Exposure Anal.

~ Environ. Epidemiol. 1:309-325; 1991.

Lambersten, C. J.; Owens, S. G.; Wendel, H.: Stroud, M. W.;
Lurie, A. A.; Lochner, W.; Clark, G. F. Respiratory and
cerebral circulatory control during exercise at .21 and 2.0
atmospheres inspired pO,. J. Appl. Physiol. 14:966-982;
1959,

Magarey, A.; Boulton, T. J. Food intake during childhood:
percentiles of food energy, macronutrient and selected
micronutrients from infancy to eight years of age. Med. J.
Aust. 147:124-127; 1987.

McArdle, W. D.; Magel, J. R.; Lesmes, G. R.; Pechar, G. S.
Metabolic and cardiovascular adjustment to work in air
and water at 18, 25, and 33°C. J. Appl. Physiol. 40:85-90;
1976.

McLean, J. A.; Tobin, G. Animal and human calorimetry.
Cambridge, MA: Cambridge University Press; 1987.

Molitor, G. T. T. Food systems: perspectives on demographics
and affluence, food supply and consumption. Environ.
Health Perspect. 86:201-223; 1990.

Najjar, M. F.; Rowland, M. Anthropometric reference data
and prevalence of overweight: United States, 1976-80.
Hyattsville, MD: National Center for Health Statistics,

Dose assessment and breathing rates @ D. W. LAYTON 35

U.S. Department of Health and Human Services; DHHS
Publication No. (PHS)87-1688; 1987.

National Research Council (NRC). Nutrient adequacy: As-
sessment using food consumption surveys. Washington,
DC: National Academy Press; 1986.

Orzalesi, M. M.; Hart, M. C.; Cook, C. D. Distribution of
ventilation in normal subjects from 7 to 45 years of age.
J. Appl. Physiol. 20:77-78; 1965.

Prentice, A. M.; Davies, H. L.; Black, A. E.; Ashford, J.;
Coward, W. A.; Murgatroyd, P. R.; Goldberg, G. R.;
Sawyer, M.; Whitehead, R. G. Unexpectedly low levels of
energy expenditure in healthy women. Lancet 1:1419~
1422; 1985.

Riumallo, J. A.; Schoeller, D.; Barrera, G.; Gattas, V.; Uauy,
R. Energy expenditure in underweight free-living adults:
Impact of energy supplementation as determined by dou-
bly labeled water and indirect calorimetry. Am. J. Clin.
Nutr. 49:239-246; 1989,

Roberts, S. B.; Savage, J.; Coward, W. A.; Chew, B.; Lucas,
A. Energy expenditure and intake in infants born to lean
and overweight mothers. New Engl. J. Med. 318:461-466;
1988.

Roy, M; Becquemin, M. H.; Bouchikhi, A. Ventilation rates
and lung volumes for lung modelling purposes in ethnic
groups. Radiat. Protect. Dosimet. 38:48-55; 1991,

Roy, M.; Courtay, C. Daily activities and breathing parame-
ters for use in respiratory tract dosimetry. Radiat. Protect.
Dosimet. 35:179-186; 1991.

Sallis, J. F.; Haskell, W. L.; Wood, P. D.; Fortmann, S. P.;
Rogers, T.; Blair, S. N.; Paffenbarger, Jr., R. S. Physical
activity assessment methodology in the Five-City project.
Am. J. Epidemiol. 121:91-106; 1985.

Saltin, B.; Astrand, P. O. Maximal oxygen uptake in athletes.
J. Appl. Physiol. 23:353-358; 1967. -

Salzano, J. V.; Camporesi, E. M.; Stolp, B. W.; Moon, R. E.
Physiological responses to exercise at 47 and 66 ATA. J.
Appl. Physiol. 57:1055--1068; 1984.

Schoeller, D. A.; van Santen, E. Measurement of energy
expenditure in humans by doubly labeled water method.
J. Appl. Physiol. 53:955-959; 1982.

Schofield, W. N. Predicting basal metabolic rate, new stand-
ards and review of previous work. Human Nutr. Clin.
Nutr. 39C Suppl. 1:5-41; 1985. )

Snyder, W. S.; Cook, M. J.; Karhausen, L. R.; Nasset, E. S.;
Howells, G. P.; Tipton, I. H. Report of the Task Group
on Reference Man, International Commission on Radio-
logical Protection, publicdtion No. 23. Oxford: Pergamon
Press; 1975.

Sopko, G.; Jacobs, D. R., Jr.; Taylor, H. L. Dietary measures
of physical activity. Am. J. Epidemiol. 120:900-911; 1984.

Stahlman, M. T.; Meece, N. J. Pulmonary ventilation and
diffusion in the human newborn infant. J. Clin. Invest.
36:1081-1091; 1957.

Szalai, A., ed. The use of time, daily activities of urban and
suburban populations in twelve countries. Paris: Mouton;
1972.

Timmer, S. G.; Eccles, J.; O’Brien, K. How children use time.
In: Juster, F. T.; Stafford, F. P., eds., Time, goods, and
well-being. Ann Arbor, MI: Institute for Social Research,
The University of Michigan; 1985:353-382.

U.S. Department of Agriculture (USDA). Nutrient intakes:
Individuals in the United States, year 1977-1978, NFCS
1977-1978. Washington, DC: U.S. Dept. of Agriculture,
Human Nutrition Information Service; Report No. I-2;
1984,




36 Health Physics

U.S. Department of Agriculture (USDA). Nationwide food
consumption survey, continuing survey of food intakes by
individuals, women 19-50 years and their children 1-5
years, 4 days. Washington, DC;: U.S. Dept. of Agriculture,
Human Nutrition Information Service; Report No. 85-4;
1987.

U.S. Department of Health and Human Services (US DHHS).
Dietary intakes source data; United States, 1976-1980.
Hyattsville, MD: National Center for Health Statistics;
DHHS Publication No. (PHS) 83-1681; 1983.

U.S. Environmental Protection Agency (US EPA). Exposure
factors handbook. Washington, DC: Exposure Assessment

January 1993, Volume 64, Number 1

Group, Office of Health and Environmental Assessment;
EPA/600/8-89/043; 1989. .

Wait, B.; Blair, R.; Roberts, L. J. Energy intake of well-
nourished children and adolescents. Am. J. Clin. Nutr.
22:1383-1396; 1969.

Wasserman, K.; Van Kessel, A. L.; Burton, G. G. Interaction
of physiological mechanisms during exercise. J. Appl.
Physiol. 22:71-85; 1967.

Zach, R.; Barnard, J. W. A model for predicting food and
water ingestion and inhalation rates of humans. Health
Phys. 52:353-360; 1987. _

B R

Abstrac
four in
undistu
been ca
sample
respect
(northe
externa
the soil
Health

Keywo
soil

THE D
be app
(Beck

where
at dep
as x aj
acteris
found

during

in Tw

-Argentir

(Mc
ceived 2!
001
Cor




